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Renal handling of phosphate in vivo and in vitro by the X-Ilnked
hypophosphatemic male mouse: Evidence for a defect in the brush
border membrane. We have examined renal phosphate transport
in vitro and reabsorption in vivo in hypophosphatemic, male mu-
tant mice (Hyp/Y) carrying a gene believed to be homologous
with that responsible for X-linked hypophosphatemia in man. Nor-
mophosphatemic male littermates (+/Y) were used as controls.
Fractional excretion of phosphate in HypfY mice is increased
(0.351 0.073 [mean SD, N = 7] vs. 0.210 0.0885 [N = 15]
in +/Y mice [P < 0.011) at serum phosphorus concentrations of
34.6 7.6 and 56.8 9.16 mg/liter, respectively (P < 0.001).
Phosphate clearance exceeded creatinine clearance in Hyp/Y
mice when their drinking water contained added phosphorus (2 g/
liter). Urinary cyclic 3'5'-adenosine monophosphate concentra-
tions increased in Hyp/Y mice when compared with +/Y litter-
mates; but this finding, which is different from the human pheno-
type, was not accompanied by evidence of hyperparathyroidism
in the Hyp/Y mice. Serum parathyroid hormone levels rose dur-
ing phosphate-loading in Hyp/Y mice, as it does in the human
patient. The phosphorus concentration in kidney cortex was sim-
ilar in mutant and normal mice (Hyp/Y, 46.6 1.1 mmoles/g of
protein; +/Y, 46.6 1.0 mmoles/g of protein). Uptake of 32P-
phosphate, at 0.1 and 1.0 m in the medium, by slices of cortex
or medulla, and labeling of intracellular inorganic and organic
pools of slices observed first-order kinetics and was not signifi-
cantly different in the two strains of mice. Modulation of calcium
in the diet influenced these observations in both strains but did
not disclose differences between them. Purified brush border
membrane vesicles prepared from mouse kidney cortex homoge-
nates accumulated phosphate by a sodium-dependent, arsenate-
inhibited transport system. Total uptake of phosphate (sodium-
dependent plus sodium-independent) by +/Y vesicles was 488
23 pmoles/mg of protein per 60 sec. (mean SD) and 302 10
pmoles/mg of protein per 60 sec by Hyp/Y vesicles (P <0.001);
sodium-independent uptake was similar in the two types of vesi-
des (79 and 78 pmoles/mg of protein per 60 sec. respectively).
Uptake of D-glucose and relative purity of the brush border
membrane fraction were not different in the two strains. The
combined in vivo and in vitro data indicate that impaired net
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transepithelial transport of phosphate in the X-linked phenotype
is the result of an intrinsic defect in net flux of phosphate at the
brush border membrane.
Comportement renal du phosphate in vivo et in vitro chez Ia
souris male atteinte d'hypophosphatémie liée au sexe: Preuve
d'une alteration de Ia membrane de Ia bordure en brosse. Nous
avons CtudiC le transport renal de phosphate in vitro et Ia rCab-
sorption in vivo chez Ia souris hypophosphatémique mutant male
(Hyp/Y) qui a un gene dont on pense qu'il est homologue de celui
qui est responsable de l'hypophosphatemie liée au sexe chez
l'homme. Des animaux normophosphatémiques (+/Y) des
mCmes portCes ont etC utilisés comme contrôles. L'excrCtion
fractionnelle de phosphate est augmentee chez Hyp/Y (0,351
0,073 [moyenne SD, N = 7] vs. 0,210 0,0885 [N = 15] chez
+IY [P < 0,011) pour des concentrations plasmatiques de phos-
phore de 34,6 7,6 mg/litre et 56,8 9,16 mg/litre respective-
ment (P < 0,001). L'excretion fractionnelle de phosphate in-
organique est superieure a I chez Ia souris Hyp/Y quand l'eau de
boisson contient 2 g/litre de phosphore. Le 3'-5'-adCnosine
monophosphate cyclique urinaire est augmentC chez HypIY par
comparaison avec +/Y, mais cette constatation, qui est dif-
fCrente des observations rCalisCes chez Ic phenotype humain,
n'est pas contemporaine de signes d'hyperparathyroIdisme chez
La souris Hyp/Y. La PTH serique augmente au cours de Ia charge
en phosphate chez Ia souris Hyp/Y de Ia même manière que chez
l'homme. La concentration de phosphore dans Ic cortex renal est
semblable chez les souris mutante et normale (HyplY , 46,6 1,1
mmoles/g de proteine; +/Y, 46,6 1,0 mmoles/g de protCine).
La captation de 32p, quand Ia concentration de phosphore est de
0,1 ou 1,0 mai dans le milieu, par des tranches de cortex ou de
mCdullaire et Ia marquage des pools intracellulaires organique et
inorganique suivent des cinCtiques du premier order et ne sont
pas significativement diffCrents dans les deux souches de souris.
La modulation du calcium alimentaire influence ces observations
dans les deux souches mais ne fait pas apparaitre de differences
entre dIes. Les vCsicules membranaires de bordure en brosse
purifiCe prCparees a partir d'homogenats de cortex renal ad-
cumulent le phosphate par un système de transport sodium-dC-
pendant et inhibC par l'arsénate. La captation totale de phos-
phate (sodium-dependante et sodium-indCpendante) par les vCsi-
cules de +/Y est de 448 23 pmoles/mg protCine par 60 sec
(moyenne 5EM) etde 302 10 pmoles/mg protCine par 60 sec
pour les vCsicules de Hyp/Y (P < 0,001); Ia captation sodium-
indépendante est semblable dans les deux types de vésicules (79
et 78 pmoles/mg de protCine par 60 sec respectivement). La cap-
tation de D-glucose et Ia puretC relative de Ia fraction membra-
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naire de bordure en brosse ne sont pas différentes dans les deux
souches. L'ensemble des observations in vivo et in vitro indique
que I'altération du transport net transépithélial de phosphate
dans le phenotype lie au sexe est Ia consequence d'un deficit
intrinsèque du flux net de phosphate a travers Ia membrane de Ia
bordure en brosse.
X-linked hypopnosphatemia (XLH) in man has
long been classified as a form of rickets "refractory
to vitamin D" [1—3]. The tradition has been to postu-
late a disorder involving vitamin D-dependent me-
tabolism in this condition. On the other hand, there
is evidence indicating that XLH is an inborn error
of phosphate transport [3—6]. X-linkage of this
Mendelian trait [2] confirms that it is a typical in-
born error of metabolism, of one type or another.
The discovery of a murine homologue (Hyp)
of the mutant human gene [7] provides an invalu-
able resource for investigation of the mechanism
for hypophosphatemia in the X-linked trait.
O'Doherty, DeLuca, and Eicher [8] have published
their evidence for a primary defect in phosphate
transport in the intestine of the mutant male
(Hyp/Y) mouse. In the following report, we de-
scribe net tubular reabsorption (net transepithelial
transport) of phosphate in the Hyp/Y mouse in vivo,
uptake and efflux of phosphate by thin slices of renal
cortex or medulla in vitro, and uptake of phosphate
by purified brush border membrane vesicles. The
findings indicate that a selective, intrinsic transport
defect is present in the brush border membrane of
the Hyp/Y mouse.
Methods
Mice. The Hyp gene [7] was maintained in the
inbred C57B116Jmouse; HypIY and +IY littermates
were used in our studies. Breeding pairs were ob-
tained from Jackson Laboratory, Bar Harbor,
Maine. The animals were fed either a normal mouse
diet containing 0.89% calcium and 0.63% phos-
phorus (Ralston Purina of Canada Ltd., Montreal,
Canada) or a low-calcium mouse diet containing
0.22% calcium and 0.74% phosphorus, (Old Guil-
ford 96W®, Jackson Lab., Bar Harbor, Maine).
In vivo investigations
Infusion studies. Mice were fed overnight, before
receiving mactin®, 40 jLgIg i.p. (BYK Gulben, Kon-
stanz, West Germany). Each mouse was placed
supine in the pan of a beam balance, and body
temperature was kept at 37° C under a 75-watt in-
candescent bulb that was controlled by a rectal
thermistor probe. The trachea was opened below
the thyroid cartilage, and the lower tracheal ring
was sutured to the skin. The right external jugular
vein and the urinary bladder were catheterized with
polyethylene tubing. A solution (5.22 ml) was pre-
pared for venous infusion, containing 2.3 m potas-
sium chloride, 60 m sodium chloride, 1% glucose
(wt/volume), and 0.78 ml of inulin (Armor-Stone
Lab., Inc., Mount Prospect, Ill.) to which was add-
ed 20 Ci of inulin ([methoxy-3H], 50 to 150 mCi/g,
New England Nuclear, Boston, Mass.). Radio-
chemical purity of the inulin was confirmed by chro-
matographic methods. Rapid infusion of the solu-
tion (50 jl over a period of 5 mm) was followed by
slow infusion (14 pug . hr) delivered by a Sage pump
to achieve a steady-state plasma inulin concentra-
tion of at least 20 mgldl. When urine flow had stabi-
lized (in 4 to 6 hr), urine collections (60 to 85 mm's
duration) were made through the indwelling bladder
catheter (dead space was about 25 l in the prepara-
tion). Whole blood samples (25 Ml) were collected
into heparinized capillary tubes from the tail vein
near the midpoint of each urine-collection period.
After centrifugation to determine hematocrit, the
plasma fraction was recovered for analysis of inulin
and phosphorus. Tritium content of plasma and
urine was measured in a scintillation spectrometer
(Packard); inorganic phosphorus was measured by
a micromethod kit (Pierce Chem. Co., Rockford,
Ill.).
Metabolite excretion studies. Urinary excretion
of cyclic 3'S'-adenosine monophosphate, phos-
phate, amino acids, glucose and creatinine were
measured in fasting HypIY and +IY littermates
placed in Gelman cages. Urine collections were ob-
tained from the mice during the morning, after they
were fed ad lib on selected diets for 1 week. The
urine samples were analyzed for cyclic adenosine
monophosphate (cAMP) by a competitive binding
assay (available as a kit from Diagnostic Products
Corp., Los Angeles, Calif. 90064). The excretion
data are expressed as a coefficient of creatinine ex-
cretion. Amino acids, glucose and creatinine excre-
tions were measured in HypIY and +IY mice by
standard qualitative and quantitative methods.
Phosphate excretion was measured in +/Y and
HypIY mice that had been fed a phosphate supple-
mented diet for a period of 75 days, beginning the
4th to 6th week after birth. Phosphate was provided
in the drinking water (2 g/liter). On the 14th to 16th
week of the study, mice were placed in Gelman
cages for 15 hr, and blood samples were collected
by retro-orbital puncture at the end of the urine col-
lection period. Phosphorus and creatinine concen-
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trations were measured in plasma and urine and are
expressed as milligrams per milliter. Phosphorus
excretion was quantitated by the equation (urinep1
X plasmaC. ÷ (pIasma X urinecr), which is equiv-
alent to the fractional excretion of inorganic phos-
phate.
Serum parathyroid hormone (PTH) was mea-
sured by a standard radioimmune displacement as-
say with CH-14 Mayo antiserum and 1-34 bovine
PTH standard.
In vitro investigations
Preparation of slices. Micewere stunned and de-
capitated, the kidneys were removed, the capsules
were stripped, and each kidney was divided into
ventral and dorsal halves. Thin cortex slices (about
0.2-mm thick) were obtained with a Stadie-Rigg mi-
crotome, and then they were placed on filter paper
that had been moistened with chilled saline over ice
and trimmed to about 4 mg in weight. Medulla slices
were prepared in a similar fashion from kidneys that
had been hemisectioned into fore and hind halves
and trimmed of cortex. Slices were used in the ex-
periments within 20 mm after removal of the kidney
from the animal.
Incubation of slices. The incubation buffer con-
tained: 0.12 M sodium chloride; 5 m potassium
chloride; 1.2 m magnesium sulfate; 2 m calcium
chloride; 20 mvi Tris-hydrochioric acid; 5 m glu-
cose; (final pH was 7.4, and final osmolarity was 300
mOsm). Phosphorus 32 (New England Nuclear,
Boston, Mass.) was added to sodium phosphate
buffer (pH, 7.3; final concentration, 0.1 or 1.0 mM)to
yield about 10 cpm/ml. '4C-inulin was used to esti-
mate extracellular water, excluding water in luminal
lacuna; total tissue water was determined by dessi-
cation to constant dry weight [9].
For the measurement of phosphate uptake, slices
were added to a flask containing 2 ml of incubation
medium at 37° C in a Dubnoff shaking incubator that
was gassed with 100% oxygen at 7 liters/mm. After
the appropriate period, the tissue was removed,
blotted, weighed, and homogenized immediately in
1 ml of cold trichloracetic acid (10% wt/volume).
Homogenate was then centrifuged at 4° C for 10 mm
at x 8,000 g. An aliquot of the supernatant was
counted in Aquasol-2® (New England Nuclear,
Boston, Mass.) in a liquid scintillation counter
(Packard) to determine the total (trichloracetic acid-
soluble) phosphate pool (PT); another aliquot of the
supernatant was extracted by the method of Ves-
tergaard-Bogind [10] to determine inorganic phos-
phate (P1). Reliability of the method was evaluated
with y-32P-ATP standard (contamination of the in-
organic pooi of P, released from ATP is less than
1% in our experience).
Measurement of efflux. Ten cortex slices were in-
cubated in 10 ml of incubation medium (the uptake
medium) containing labeled phosphate. Two pairs
of slices were removed when an isotopic steady-
state had been achieved (about 60 mm); then, they
were processed to measure phosphorus 32 uptake
into PT and P, pools. The remaining slices were
blotted, weighed, and transferred into 10 ml of incu-
bation medium at 37° C (the efflux medium) contain-
ing unlabeled phosphate at the concentration used in
the uptake medium. The flask was shaken at 300 os-
cillations per mm in an incubator (Dubnoff) during
efflux. After the first 6 mm of incubation, 0.3-
ml aliquots of efflux medium were removed at 1-mm
intervals for 30 mm and were placed in scintillation
vials; Aquasol-2® was added for counting. At the
end of incubation, the slices were processed to de-
termine the number of counts remaining in the tis-
sue. Results are expressed as phosphorus 32 ap-
pearing in the efflux medium in relation to time and
also as phosphorus 32 remaining in the slices. The
latter is expressed as the percent of the total cpm's
in the medium and tissue and is plotted as a function
of time in the traditional manner on semilog graph
paper to calculate rate of efflux from the slopes.
Preparation of brush border membrane vesicles.
Brush border membrane vesicles were prepared
from fresh renal cortex tissue by the method of
Booth and Kenny [11]. About 2.0 mg of brush bor-
der protein were obtained from nine mice. Hyp/Y
and +IY littermates were studied in parallel on the
same day. Purity of brush border membranes was
evaluated by monitoring trehalase and alkaline
phosphatase activities; succinic cytochrome C re-
ductase was used as a marker for mitochondrial
contamination. Transport of labeled phosphate (0.1
mM) was measured with a preparation of brush bor-
der membrane vesicles by the methods of Hoff-
mann, Thees, and Kinne [12]. The isotope used was
32P-phosphoric acid in 0.02 N hydrochloric acid
(New England Nuclear, catalogue #NEX-054, Bos-
ton, Mass.). To offset the known variation in uptake
of solute between batches of membranes, each ex-
periment was monitored by measuring transport of
14C-D-glucose [13] at the same time in the same
tube. Radioactive-labeled o-glucose was obtained
from New England Nuclear, Boston, Mass. (cat.
#NEC-042X). A detailed description of the prepa-
ration of mouse kidney brush border membrane and
a comparison of phosphate uptake by normal mouse
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membrane vesicles and normal rat membrane vesi-
des is available elsewhere [14].
Results
Fractional excretion of Phosphate (FE1) in vivo.
We measured FE1 in +IY and Hyp/Y animals by
the infusion protocol. FE1 was significantly in-
creased in HypIY mice (HypIY = 0.351 0.073;
+/Y = 0.210 0.083 [mean SD], P < 0.01 [Stu-
dent's t test], Table 1) even though the plasma phos-
phorus concentration was lower in Hyp/Y mice
(HypfY, 34.6 7.6 mg/liter; +IY, 56.8 9.16
mg/liter [mean SD, P < 0.00 1]). When tubular re-
absorption of phosphorus is expressed as a percent
of filtered load, net reabsorption is 80% in +/Y mice
and 65.3% in HypIY, at their usual serum phos-
phorus concentration.
Fractional excretion of phosphate by animals
housed in metabolism cages was elevated in HypIY
Table 1. Fractional excretion of inorganic phosphate (FE,,) in
HypfY mice and +/Y littermatesa
Clearance
Mouse
group Period
Plasma P,
g/rnl
of inulin
pi/min
Urine P1
pg/mm FE,,
+/Y group
1 1
2
3
49
44
54
282
260
197
4.29
3.07
1.38
0.32
0.27
0.13
2 1
2
77
65
155
132
2.26
1.20
0.19
0.14
3 1
2
3
65
64
61
260
234
187
3.57
2.70
2.96
0.21
0.18
0.26
4 1 58 146 3.06 0.36
5 1
2
3
42
54
61
347
124
85
2.34
0.54
0.88
0.16
0.08
0.17
6 1 49 306 4.35 0.29
7 1
2
57
52
420
328
7.30
1.53
0.30
0.09
Mean 56.8c 230.9 0210b
SD 9.2 95.3 0.085
HypfY group
I I
2
3
34
32
35
147
114
89
1.85
1.68
1.18
0.37
0.48
0.38
2 1 51 114 1.57 0.26
3 1
2
3
31
31
28
357
250
243
3.85
2.69
1.81
0.35
0.35
0.27
Mean 34.6c 187.7 0.351"
SD 7.6 98.2 0.073
Animals were anesthetized, cannulated, and infused with in-
ulin (see Methods). Collection periods (60—85 mm) were initiated
4—6 hr after animal was cannulated. Fractional excretion (FE,,)
= urine phosphate (pg/mm) — filtered phosphate (jg/min).
"Results are significantly different (P < 0.01, Student's I test).
Results are significantly different (P < 0.001, Student's I
test).
mice compared to +/Y animals, whether they were
fed Old Guilford 96W or mouse chow (see Ref. 7).
HypIY mice (N = 4) receiving a phosphate supple-
ment in the drinking water increased their FE from
0.486 0.045 (mean SEM) to 1.35 0.07 (P <
0.001), while +/Y mice (N =12) on the same regi-
men increased their FE from 0.244 0.029 to
0.709 0.034 (P < 0.001). The interstrain dif-
ferences were also statistically significant (P <
0.00 1).
Urinary excretion of cyclic 3'5'-adenosine mono-
phosphate was increased in Hyp/Y mice (Table 2)
whether they were fed low-calcium or normal-cal-
cium diets. Cyclic AMP excretion was higher when
Hyp/Y and +/Y littermates were fed a low-calcium
diet. Urinary excretion of amino acids and glucose
was not abnormal or elevated in Hyp/Y animals.
Parathyroid gland histology did not indicate hy-
perparathyroidism in these animals [7], and +/Y
and Hyp/Y animals had comparable serum immuno-
reactive PTH levels [7, 21]. Phosphate supplemen-
tation of the diet caused serum iPTH to increase in
HypIY animals (N = 3) from 84 pg/mI (pre-
treatment) to 775 pg/mI in the 10th week of treat-
ment.
Uptake of phosphate by slices, in vitro. We ex-
amined uptake of phosphorus 32 by kidney cortex
tissue slices obtained from +/Y and Hyp/Y mice
maintained on two different diets. At steady-state
(60 mm's incubation), phosphate was taken up into
cellular poois against an isotopic gradient (32P dis-
tribution ratio> 1.0) (Table 3). The isotopic distri-
bution ratio varied inversely with extracellular phos-
phate concentration. Labeling of intracellular in-
organic phosphorus (P1) was similar in +/Y and
Hyp/Y mice at 0.1 and 1.0 m extracellular phos-
phorus; the same was true for the labeling of intra-
cellular acid-soluble phosphorus (PT), indicating
that incorporation of inorganic phosphorus into or-
ganic phosphate was normal. We also found no dif-
ference in the labeling of phosphorus poois in +/Y
and HypIY of slices prepared from renal medulla.
Anaerobic conditions abolished concentrative up-
take of labeled phosphate into inorganic and total
phosphate pools.
We also measured the inorganic phosphorus in
the intracellular pool, directly, by a chemical meth-
od. There was no significant difference between kid-
ney tissue slices obtained from +/Y and Hyp/Y
mice at zero time or those obtained under various
conditions of incubation (Table 4)., even though
blood phosphorus concentrations were different in
+IY and Hyp/Y mice. The inorganic phosphorus
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Table 2.Urinary excretion of cyclic 3' ,5'-adenosine monophosphate (cAMP) related to diet
Diet
Diet composition
% (wt/wt)
Urine cAMPa
pjnoles/mg creatinine
Calcium Phosphorus Hyp/Y +/Y
Normal diet 1.05 0.75 41.41 7.96" 32.31 S.89'
Low-calcium diet 0.22 0.74 77.44 7.34" 46.69 13.32'
Urinary cAMP concentrations are the mean su of individual urine samples from 6 mice in each group, except for 7 +/Y mice
that were on Old Guilford diet (low calcium).
P < 0.001, normal vs. low-calcium diet.
P < 0.05, normal vs. low-calcium diet.
d P < 0.05, Hyp/Y vs. +/Y on normal diet.
P < 0.001, Hyp/Y vs. +/Y on low-calcium diet.
content of cortex tissue slices declined ex-
ponentially with time during incubation in +/Y and
HypIY mice (Fig. 1).
No significant interstrain difference in tissue
phosphorus was observed between HypIY and +IY
mice. The 32P-labeled inorganic phosphate and total
phosphate pools in kidney were lower, on the aver-
age, when mice were fed the Old Guilford (low cal-
cium) diet compared to the mouse chow diet (Table
3). On the other hand, the chemical inorganic phos-
phorus content (Table 4) was slightly higher in mice
fed Old Guilford. Intrastrain isotopic distribution
ratios (Table 3) and chemically determined in-
organic phosphorus concentrations (Table 4) mea-
sured at 15 mm in slices from mice fed on the vari-
ous diets did show some variation. We have no ex-
planation for these diet-dependent, intrastrain
differences. They do not perturb the principal find-
ing of essentially similar tissue phosphorus concen-
trations in HypIY and +/Y mice under a variety of
conditions.
Efflux of phosphate anion from kidney cortex
slices. We studied the characteristics of phosphate
effiux from kidney cortex slices of +IY and HyplY
mice (Fig. 2). Efflux of phosphorus 32, under condi-
tions of transequilibrium with respect to phosphate
concentration, proceeded at similar rates from
HypIY and +IY tissue slices; the effiux process ob-
served first-order kinetics. Phosphorus 32 in the ef-
flux medium was exclusively inorganic phosphate;
chemical data (Table 4 and Fig. 1) and isotopic data
(Fig. 2) were, therefore, concordant. Detailed ex-
amination of efflux by regression analysis, calcu-
lation of the Y intercept, and estimation of the cor-
relation coefficient for the slopes shown in Figure
2B again indicate no difference in the characteristics
of phosphorus 32-efflux from HypIY and +IY cor-
tex tissue slices (Table 5).
Table 3. Isotopic distribution ratio of phosphorus 32 (32P) in kidney cortex slices following uptake from incubation medium: Effect of
time, concentration of phosphate anion, and dietary pretreatment of animal
Pool measured
.Time
mm
32 distnbution ratio"
On normal dietc On low-calcium diet
+IY Hyp/YHyp/Y
P1 15
60
At phosphorus concentration of 0.1 mM
1.72 0.39 1.49 014d
5.04 0.74 4.83 1.91
1.21 0.19
3.86 0.51
0.94 019d
3.65 0.56
PT 15
60
3.84 0.87 3.32 0.30d
12.02 1.58 12.27 3.99
2.76 0.57
11.16 1.75
2.21 0.36d
11.49 1.26
P, 15
60
At phosphorus concentration of 1.0 tfl M
1.29 0.26 1.18 017d
3.08 0.38 2.80 0.45
0.87 0.24
2.49 0.35
0.71
2.12 0.19
PT 15
60
2.37 0.63 2.07 0.32
5.74 0.86 5.31 1.30
1.77 0.26
5.81 0.61
1.52 0.35
5.26 0.44
32p was measured in the inorganic phosphate pool (P,) and in the total phosphate pool (PT).
b Distribution ratio = cpm/ml intracellular water ÷ cmp/ml extracellular water (mean SD of 6 determinations).
Normal diet composition was 0.89% calcium (wtiwt), 0.63% phosphorus; low-calcium diet composition was 0.22% calcium, 0.74%
phosphorus.
d Paired results are significantly different (P < 0.001, Student's t test).
Renal phosphate transport in Hyp/Y mouse 241
Table 4. Concentration of inorganic phosphorus (millimoles of phosphorus per gram of protein) in kidney cortex tissue slicesa
Incubation
period
On normal dietb On low-calcium djetb
+/Y Hyp/Y+IY Hyp/Y
0 timec 46.6 1.0(N=8) 46.6 1.1(N=6)
15mm 30.27 5,25d
At 0.1 m phosphorus 32
30.99 9.61e 40.04 8•81d 41.04 2.15°
60mm 24.35 5.04 24.54 7.62 27.86 7.70 26.91 6.38
15mm 33.86 4.97
At 1.0 mMphosphorus32
37.52 10.13 40.36 9.37 38.89 7.44
60mm 27.95 4.54 29.54 3.04 30.42 4.78 31.92 3.76
a Extraction performed by method of Vestergaard and Bogind [11]. Slices are same as those reported in Table 2. Data are mean SD
for 6 determinations.
b Normal diet composition was 0.89% calcium (wtiwt), 0.63% phosphorus; low-calcium diet composition was 0.22% calcium, 0.74%
phosphorus.
Tissue phosphorus was measured immediately alter killing animals [7].
d Difference in tissue phosphorus concentration for +/Y mice on the two diets was significant at the 0.05 level (Student's paired t test).
Difference in tissue phosphorus concentration for Hyp/Y mice on the two diets was significant at the 0.05 level (Student's t test).
Phosphate transport by brush border membrane
vesicles. Our investigation of phosphate uptake by
+/Y and HypIY mouse kidney brush border mem-
brane vesicles utilized control experiments with
vesicles prepared from rat kidney. These experi-
ments have been reported in more detail elsewhere
[14]. Our findings in the rat, were comparable to
those reported by Hoffman, Thees, and Kinne [12].
The behavior of +IY mouse kidney vesicles was
then compared with rat kidney vesicles. The gener-
al characteristics of phosphate uptake by brush bor-
der membrane vesicles were comparable in the two
species [14]. We further observed that the phos-
phate volume of the vesicles under conditions ap-
proaching equilibrium and in the presence of su-
crose was inversely proportional to sucrose Os-
molarity; the intercept of the Y axis (phosphate
uptake) was close to zero. These findings indicate
that significant binding of phosphate to brush bor-
der membranes does not occur [14]. Measurement
of phosphate in total (trichioracetic acid-soluble)
and inorganic pools after uptake of 32P-ortho-
phosphate at 60 sec revealed that over 99% of phos-
phorus 32 remained as orthophosphate from the
mouse brush border membrane vesicles [14].
Our mouse membrane preparation was character-
ized by 10-fold enrichment of trehalase activity and
eightfold enrichment of alkaline phosphatase; suc-
cinic cytochrome-C activity was one tenth of the
initial cortex homogenate. These findings indicate
selective isolation of brush border membranes.
Purification was comparable with +IY and HypIY
kidneys.
Phosphate transport by +fY vesicles at 60 sec,
20° C, pH of 7.4, and 0.1 mrt extracellular phos-
phorus, was stimulated by sodium and inhibited by
arsenate (Fig. 3); the overshoot phenomenon [12,
14] was observed, and it was maximal at 2 mm.
Phosphate transport by HypIY vesicles measured
under identical conditions, prepared on the same
day, and examined in parallel, was characterized by
a partial decrease (P <0.001) in the sodium-depen-
dent, arsenate-inhibited activity (Fig. 3). A time-
course study [14] revealed that partial loss of the
sodium-dependent component of phosphate trans-
port was observed at 30 sec (60% loss), 1 mm (45%
loss), 2 mm (49% loss), and at 30 mm (32% loss).
I I I I I I70 -
60 -
50 -
• at 0.1 mM
- E Hyp/Y20 U at1.0mri
0 at0.1 mM
0 at1.0m
10 — I I
0 10 20 30 40 50 60
Time, rn/n
Fig. 1. Time course of tissue concentration of inorganic phos-
phorus during incubation of slices from HyplY mice (filled sym-
bols) and +/Y littermates (open symbols) in the presence of ex-
tracellular phosphorus concentrations as indicated on the graph.
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+IY
Exp. I
slices
Exp. 2
Hyp/Y slices
Exp. 1 Exp. 2
Slope —0.0290 —0.0302 —0.0297 —0.0295
Yintercept 4.2391 4.0706 4.0971 4.1775
Corr. Coeff. —0.9794 —0.9714 —0.9878 —0.9991
Slope and intercepts were calculated from log n transforma-
tion of y axis of Figure 2b between 10 and 25 mm.
Measurement of simultaneous n-glucose transport
revealed no difference between +IY and HypIY
vesicles (Fig. 3).
Discussion
gests that the tubule-V1'H relationship is normal
[19].
The Hyp/Y (male) mouse has an elevated FE1
(decreased net reabsorption), which can exceed
unity in response to phosphate-loading, and serum
PTH levels that are not elevated except under con-
ditions of phosphate-loading. These findings are ho-
mologous to those in human XLH. Moreover, phos-
phate supplementation repairs the bone lesion and
growth failure in mouse [7], as it does in man [18].
The only significant difference between the pheno-
type in Hyp mice and XLH patients is an elevated
urinary cAMP in the former. Serum calcium con-
centrations are slightly depressed in Hyp mice [7];
accordingly, there might be concomitant modifica-
The X-chromosome has retained stability during
evolution [15], and for this reason we believe the X-
linked mutation causing hypophosphatemic rickets
in mouse and in man involves the homologous gene
[7]. Even if the mutation is not homologous, the
same gene product would be involved. Therefore,
the Hyp mouse should provide insight into the gen-
eral mechanism of hypophosphatemia in XLH.
The prior evidence for the hypothesis that XLH
in man is a selective inborn error of transepithelial
transport of phosphate anion is as follows. Mecha-
nisms for solute reabsorption by the renal tubule are
normal in XLH, with the exception of that main-
taining phosphate transport. Net reabsorption of
phosphate is only partially impaired, but the defect
is apparent even at the low-filtered load of anion
characteristic of the mutant phenotype. Indeed,
fractional excretion of phosphate is inappropriately
large, even exceeding unity under conditions of
phosphate-loading [6]. Residual transport of phos-
phate cannot be increased at elevated levels of sub-
strate in the affected hemizygote [6]. Female XLH
patients are heterozygotes by definition, and their
total reabsorption of inorganic phosphate values,
over a wide range of serum phosphorus concentra-
tions, are intermediate between those for homo-
zygous normal subjects and mutant hemizygotes
[6]. The defect in phosphate reabsorption in mutant
hemizygotes or heterozygotes is not associated with
a consistent elevation of serum PTH except in the
presence of phosphate-loading [16]. The renal tu-
bule might be abnormally responsive to PTH in
XLH [17]; however, the urinary excretion of cyclic
3',5'-adenosine monophosphate is not elevated in
relation to the serum calcium concentrations in the
human patients [6, 18], and this relationship sug-
Table 5. Regression parameters for retention of phosphorus 32
by kidney cortex tissue slices from +/Y and Hyp/Y mice during
estimation of effluxa
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Fig. 2. Time course for appearance of phosphorus 32 in medium
(upper graph) and disappearance from tissue slice (lower graph).
Renal cortex slices from Hyp/Y mice (open circles) and +/Y lit-
termates (closed circles) were preloaded with 32P-phosphorus to
equivalent specific activity and concentration. Measurement of
efflux was initiated at 6 mm when emptying of extracellular fluid
space was completed and when efilux reflects movement from
intracellular space.
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tion of renal calcium activity and regulation of renal
adenyl cyclase [20].
The foregoing favors a similar defect that is in-
trinsic to the process of transepithelial transport of
phosphate in XLH and Hyp phenotypes. That this
hypothesis is applicable to the Hyp mouse is sup-
ported further by evidence for an intrinsic defect in
the intestinal transport of phosphate [8] and in mi-
cropuncture studies [21, 22] that reveal phosphate-
wasting along the proximal tubule, independent of
PTH regulation.
Asymmetry of flux at the luminal membrane ac-
counts for net tubular reabsorption of phosphate
from ultrafiltrate [23]. Net influx can be achieved by
a process that keeps the effective concentration (or
activity) of anion in the cytosol low at the luminal
pole. Two mechanisms for "run-out" of phosphate
from this topological pool can be postulated: either
a metabolic event in which net phosphate disposal
occurs by incorporation into organic pools or a
membrane event in which there is net outward flux
of anions at the basolateral membrane. We found
no abnormality in either tissue phosphorus con-
centration, which resembles published data for
rodent kidney [24], or the labeling of organic and
inorganic phosphate pools in the Hyp mouse. These
findings suggest that metabolic "run-out" of phos-
phate is not aberrant in the mutant phenotype. Al-
though dietary modulation of calcium does influence
renal phosphate, we observed no differences be-
tween HypIY and +IY mice in renal handling of
labeled phosphate or maintenance of cellular phos-
phate pools. It is of particular interest that tissue
phosphorus concentration is similar in Hyp/Y and
+/Y mice, even when the extracellular phosphorus
concentration is low in Hyp/Y. This finding implies
that an intact component of phosphate transport
maintains renal phosphorus concentrations in the
mutant phenotype. We suggest that influx at the
basolateral membrane is this component.
We found no abnormality in net uptake of phos-
phate from the medium or in efflux of phosphate
from cortex or medulla tissue slices in the Hyp
phenotype. In the slice preparation, the basolateral
membrane of renal epithelium is exposed to the me-
dium, and the brush border participates in uptake of
solute only minimally, if at all [25, 26]. Accordingly,
we deduce that phosphate fluxes across the basilar
pole of renal epithelium are not abnormal in the
Hyp phenotype.
Purified brush border membranes exhibit a partial
loss of the phosphate transport process in the Hyp
phenotype. This defect involves a portion of the so-
dium-dependent, arsenate-inhibited process; the so-
dium-independent, nonsaturable mode of transport
is intact. This finding in the Hyp mouse is con-
cordant with the partial loss of a saturable com-
ponent of phosphate transport in XLH [6]. Recent-
ly, Dennis, Bello-Reuss, and Robinson [27] showed
that phosphate reabsorption in the proximal tubule
involves more than one mechanism: a high capacity
system in the proximal convoluted tubule which is
not directly influenced by PTH, and a lower capac-
ity activity in the pars recta which does respond to
the hormone. Further characterization of phosphate
transport, including the effect of PTH and cAMP on
the process in Hyp and normal brush border mem-
brane preparations will be of interest in the contin-
uing delineation of the mutant phenotype.
At the present stage of our investigation, the find-
ings account for impaired net renal reabsorption of
phosphate in the mutant phenotype. They will also
explain "negative reabsorption" (FE> 1.0), if one
assumes that loss of a steeply concentrating brush-
border transport system permits efflux (backflux) of
phosphate from intact intracellular pools on a resid-
ual, less-steeply concentrating system. When extra-
cellular phosphate is raised i the mutant phenotype
by whatever means, cellular phosphate will rise be-
0
0
E
0.
a)
Fig. 3. Transfer of phosphate and r-glucose into purified brush
border membrane vesicles prepared from +/Y (wild type, open
bars) and HyplY (mutant, hatched bars renal cortex homoge-
nate. Uptake was measured at 60 sec. 20 C (pH, 7.4). Data are
the mean SD of quintuplicate measurements on membranes
prepared from 9 mice of each genotype.
KCI gradient NaCI gradient NaCI + arsenate
(10 mM)
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cause of uptake at the basolateral membrane. Back-
flux from the augmented cellular pooi will then in-
crease into the moving column of urine. Equilibri-
um at the brush border membrane is not achieved
under this condition, and therefore FE1 must in-
crease, and negative reabsorption may be observed.
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